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Rapidly sinking fecal pellets are an important component of the vertical flux of particulate organic matter 
(POM) from the surface to the ocean's interior; however, few studies have examined the role fish play in 
this export. We determined abundance, size, prey composition, particulate organic carbon/nitrogen 
(POC/PON), and sinking rates of fecal pellets produced by a forage fish, likely the northern anchovy, in the 
Santa Barbara Channel. Pellet abundance ranged from 0.1-5.9 pellets m -3 . POC and PON contents averaged 
21.7 ng C pellet -1 and 2.7 ug N pellet -1 . The sinking rate averaged 787 m d -1 ; thus pellets produced at 
the surface would reach the benthos (—500 m) in <1 day. Estimated downward flux of fish fecal POC 
reached a maximum of 251 mg C m -2 d -1 . This is equal to or exceeds previous measurements of 
sediment trap POM flux, and thus may transport significant amounts of repackaged surface material to 
depth. 

Rapidly sinking fecal pellets are a major contributor to the 'biological pump', the vertical transport of 
biologically generated particulate organic matter (POM) from the surface to the ocean's interior. 
Sinking rates of small or low mass fecal pellets of some zooplankton (i.e., copepods, euphausiids, doliolids, 
appendicularians, heteropods), as well as phytodetritus and marine snow, range from < 10 to hundreds of meters 
per day 13 , while very large or high mass fecal pellets of other zooplankton (i.e., salps, pteropods, chaetognafhs) 
tend to sink faster (tens to thousands of meters per day) 46 . Sinking rates of fecal pellets produced by fish, of which 
only a few have been reported in the literature, reach well over thousands of meters per day 7 " 9 . Fast-sinking fish 
feces could therefore contribute substantially to export of organic matter; fecal matter of anchovies in the Peru 
upwelling system (Engraulis ringens) contained high amounts of organic carbon and nitrogen, and represented 
up to 17% of total carbon flux in sediment traps 8 . 

The northern anchovy and Pacific sardine are commercially important forage fishes that can dominate pelagic 
systems in many coastal upwelling regions 10,11 . They are omnivorous planktivores and, when abundant, are 
capable of consuming a significant fraction of primary and secondary production 1214 . In a study conducted in 
the Southern California Bight, the northern anchovy (Engraulis mordax Girard), whose diet is dominated by 
crustacean zooplankton, consumed 35-50% of the total zooplankton biomass and 95-100% of large crustacean 
zooplankton biomass 13 . Similar to fecal flux previously measured for the Peruvian anchovy of the same genus (E. 
ringens)", repackaged material from the similarly- sized E. mordax likely sinks rapidly, serving as a dominant 
source of carbon and nitrogen export out of the surface ocean and of nutrition to the deep sea. However, 
measurements of fish fecal pellet sinking rates and the vertical flux of particulate carbon are very limited, and 
no previous study has measured the abundance of fish fecal pellets in situ. 

In this study, we determined abundance, sinking rates, particulate organic carbon and nitrogen contents, and 
phytoplankton and zooplankton composition of fish fecal pellets, likely produced by the northern anchovy, in a 
coastal, seasonal upwelling region - the Santa Barbara Channel, California - and discuss their importance in 
carbon and nitrogen export in this region. 

Results 

During our occupation of the study site, the water column (512 m depth) was linearly stratified with little to no 
upper mixed layer, and was characterized by a sea-surface temperature of 14.5°C, low concentrations of sea- 
surface nutrients (2.4 uM nitrate, 0.05 uM ammonium, 0. 1 uM phosphate), and low chlorophyll a biomass (4.2 ug 
chl L _1 ) (Fig. 1). Conditions remained relatively uniform during our 3-day study. 
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Figure 1 | Vertical CTD profile of water column at location and the start 
of our study. Based on four additional casts made during the three-day 
study, conditions remained relatively uniform during our occupation of 
the study site. 

The sampled feces were likely produced by the northern anchovy. 
We observed large schools of small ( — 13 cm) silver fish near the 
surface during our sampling, and although we did not have the 
appropriate sampling equipment to obtain a positive identification 
or determine their abundance, data compiled by California Fish and 
Game indicate that northern anchovy landings (in kilogram, kg) 
dominated total fish landings in the Santa Barbara area during the 
time of our study (Table 1). Northern anchovy contributed nearly 
86% to total commercial fish landings during the time of our study, 
whereas the similarly sized Pacific sardine, the other potential pro- 
ducer of fish fecal pellets in our study, only contributed 6% to total 
fish landings (Table 2). Feces produced by the fish in our study were 
long cylinders, that likely broke across the length axis into pellet 
fragments of varying length; we collectively refer to these pellets 
and their fragments as "pellets" hereafter. We compared our fecal 
pellets with pellets produced by adult anchovy in large aquaria at the 
Monterey Bay Aquarium, and they were of similar appearance and 
size (Table 2). 

Fish fecal pellets were abundant in our study location, ranging 
from 0.1 to 5.9 pellets m -3 (Table 2). Abundance of pellets was high- 
est (mean = 2.9 pellets m -3 ) during Day 1 of our study, decreased on 
Day 2 (mean =1.8 pellets m -3 ), and was lowest on Day 3 of our study 
(mean = 0.2 pellets m -3 ). 

Fecal pellets were similar in width, averaging 1 .0 ± 0.2 mm (range: 
0.6-1.5 mm), but were variable in length (average: 2.1 ± 1.0 mm, 



range: 1.0-6.0 mm) (Table 2; Fig. 2). Qualitative examination of prey 
items found in feces suggests the dinoflagellate Prorocentrum micans 
was very common in the fish diet (Fig. 3, panel aj). The dinoflagel- 
lates Dinophysis sp. and Ceratium sp., various diatoms, silicoflagel- 
lates, ciliates, and copepods were also common components of fecal 
pellets (Fig. 3). 

Fecal pellet dry weight, POC, and PON content averaged 314 
f.Lg pellet -1 , 21.7 ug C pellet -1 , and 2.7 ug N pellet -1 , respectively 
(Table 2). The mean molar C:N ratio was 10.1, and ranged from 6.5 to 
12.5 (Table 2). 

Sinking rates of fecal pellets varied from 0.5 to 1.6 cm s -1 (458- 
1370 m d -1 ) and averaged about 0.9 cm s -1 (787 m d" 1 ) (Table 2), 
and in general, pellets of larger volume sank faster. Our measure- 
ments suggest that pellets produced near the surface sinking at con- 
stant rate would reach the benthos (512 m) in < 1 day. 

Discussion 

Fecal matter produced by the Peruvian anchovy is hypothesized to 
play an important role in carbon and nitrogen flux in highly pro- 
ductive, upwelling systems 8 . Our study demonstrates that fecal mat- 
ter likely produced by the northern anchovy may also export 
significant amounts of repackaged surface material to depth in the 
California coastal system. 

The size, C and N content, and sinking rates of fish fecal pellets in 
our study were similar to those measured for Peruvian anchovy by 
Staresinic et al. 8 (Table 2). Pellets were considerably larger than those 
sampled for Euphausia pacifica, a common species of krill found in 
the Santa Barbara Channel, in previous studies 1516 , and the cylin- 
drical shape differed from the flattened ribbon-shaped pellets pro- 
duced by bloom-forming gelatinous salps 17 . Fecal pellets were 
~1 mm in diameter and varied in length (1.0-6.0 mm). Staresinic 
et al. 8 reported an average Peruvian anchovy pellet fragment length of 
1.1 mm but observed pellets in situ up to 1 cm in length. The 
reported mean POC content of fish fecal pellets normalized to pellet 
volume (0.012 mg C mm -3 ) was relatively low compared to values 
previously reported for Acartia tonsa copepods feeding on 
Thalassiosira weissflogii diatoms 18 (0.17 - 2.5 mg C mm -3 ) but sim- 
ilar to those measured for large copepods feeding omnivorously 19 
and salps feeding on natural seston 17 . This variability in fecal pellet 
carbon per volume is due to a combination of differences between 
organisms in their nutrient requirements, physiology, and diet 19 " 21 , as 
well as differences in food quality 18 and food concentration 18,19 . Pellet 
C:N ratios (5.6-10.7 g g -1 ) measured in the present study were 
within range of those previously measured for copepods (3.2- 
25.0), euphausiids (5.7-10.0), and salps (7.3-12.8) (reviewed in 
Steinberg and Saba 2008 22 ). Sinking rates of fish fecal matter were, 
in general, higher than those reported for euphausiids (16-862 
m d" 1 ) 2,23,24 but within range of those reported for salps (300-2470 
m d -1 ) 4,17,25 and several species of midwater fish (147-2739 m d -1 ) 7 . 

Estimated POC and PON fluxes (calculated by multiplying pellet 
POC and PON content [mg pellet -1 ], abundance within surface 
50 m [pellet m -3 ], and sinking rate [m d -1 ]) measured in our study 
while upwelling was absent averaged 30.7 mg C m~ 2 d -1 and 3.8 mg 
N m -2 d -1 , and reached a maximum pellet POC flux of 251 mg C 
m~ 2 d -1 , which is higher than the maximum reported for anchovy in 



Table 1 | Landings (in kilograms, kg) and percent contribution to total commercial fish landings (%) of Northern Anchovy and Pacific 
Sardines in the Santa Barbara area during April 2006 (the time of our study), the entire year of 2006, and the period 2000-2010. 
Table prepared using commercial catch data from California Department of Fish and Game (http://www.dfg.ca.gov/marine/ 
fishing.asp#Comm e rcial) 

Northern Anchovy Landings (kg) Northern Anchovy (%) Pacific Sardine Landings (kg) Pacific Sardine (%) 

2006 (April only) 307,214 85.6 22,916 6.4 

2006 (Entire year) 4,181,130 60.5 1,935,210 28.0 

2000-2010 21,142,843 37.8 28,207,943 50.4 
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Table 2 | Comparison of fish fecal pellet abundance, size, dry weight, particulate organic carbon (POC) and nitrogen (PON), C:N, and 
sinking rate from present study, northern anchovy pellets from the Monterey Bay Aquarium (MBA), and Peruvian anchovy pellets from 
Staresinic et al. 8 



Abundance Length Width Volume 

(# pellets irr 3 ) (mm) (mm) (mm 3 ) 

Mean(SD) 1.8(1.9) 2.1(1.0) 1.0(0.2) 1.8(1.1) 

Range 0.1-5.9 1.0-6.0 0.6-1.5 0.2-7.9 

Mean(SD) 3.2(1.1) 1.0(0.2) 2.9(1.4) 

Range 1.5-5.6 0.8-1.4 0.8-5.7 

Mean 1.1 1.0 0.9 
Range 



Dry Weight 
(ng pellet" 1 ) 

314(208) 
100-771 



286 



POC 
(u.gC pellet" 1 ) 

21.7 (5.0) 
14.5-31.0 



18.4 



PON 
(ng N pellet - 

2.7(1.1) 
1.5-5.6 



1.9 



ON 
(molar) 

10.1 (1.8) 
6.5-12.5 



1 1.3 



Sinking Rate 
(m day -1 ) 

787 (201) 
485-1370 



1 100 



Reference 
Present study 

MBA anchovy 
pellets 

Staresinic et al.' 



223-347 14.4-21.1 



1.2-2.4 10.1-15.0 691-1987 



a coastal Peru upwelling system 8 (92 mg C irT 2 d~'; calculated from 
free-drifting sediment traps). Additionally, fish fecal pellet POC flux 
was equal to, and sometimes exceeded, total POC flux measured 
previously by bottom-moored sediment traps deployed in the 
Santa Barbara Channel (20-200 mg C m~ 2 d" 1 [540 m; Aug. 1993- 
Sept. 1996 26 ], 50-300 mg C irT 2 d" 1 [470 m; June 1995-July 1999 27 ], 
and 7-108 mg nT 2 d~' [100 m; July 1999-Aug. 2002 28 ]). Our fish 
fecal POC flux estimates are out of the surface 50 m; the sediment 
trap flux measurements were made deeper and thus reflect POC 
attenuation due to remineralization 29,30 . However, the rapid sinking 
rates of these cohesive fish feces would suggest little opportunity for 
remineralization as previously shown for salps 25 , thus comparison of 
the flux measurements between these different depths is reasonable 
and questions, 1) how much material in sediment traps in this region 
are fish-feces derived? and 2) are fish feces adequately sampled by 
sediment traps (see below)? Future studies in the region including 
microscopic examination of sediment trap material would help 
address these issues. 

Measurements of in situ abundance of fish fecal pellets or their flux 
are lacking, likely due to the difficulty of adequately sampling these 
particles as a result of lateral advection of pellets, breakage of pellets in 
traps rendering them indistinguishable from other particles, and the 
high mobility and schooling of fish leading to spatial heterogeneity or 
"patchiness" in fecal pellet production in surface waters. To our know- 
ledge, this is the first study to present estimates of fish fecal pellet 
abundance, which ranged from 0.1 to 5.9 pellets irT 3 (Table 2). Our 
reported abundances, and consequently estimated POC and PON 
fluxes, likely represent near maximum values associated with schools 
of these fish and, because of the patchy distribution of these schools, 
cannot be considered average abundances of pellets and fluxes of 
POM. Abundances of fish pellets in this study are orders of magnitude 
lower than those previously determined for euphausiid fecal pellets in 
the Santa Barbara Channel 16 (500 - 98,000 irT 3 ) determined using a 
camera system; however, because of the relatively higher C content 
and sinking rates of fish fecal matter, the estimated POC flux of fish 




Figure 2 | Example fish fecal pellets collected in Santa Barbara Channel 
and used for analyses. Scale bar shown on individual panels. Copepod 
body parts are visible within the fish fecal pellet in the panel b: 1 , swimming 
leg; 2, antenna; 3, furcal rami. 



pellets (2-251 mg C m~ 2 d _1 ) was within range of those estimated for 
euphausiids in the Santa Barbara Channel 16 (46-3708 mg C m~ 2 d -1 ). 
POC flux of fish fecal matter were similar to those reported for salps, 
which range from 0.01-137 mg C m" 2 d _1 < 25,31 - 34 >. 

Caution must be taken when calculating flux using laboratory 
measurements of particle sinking rates 1,16 , and rates calculated in 
the present study likely represent the maximum potential fecal pellet 
sinking rates. This is because residence times of fecal matter in the 
upper mixed layer may be increased due to biological processes such 
as microbial degradation 3,25,35,36 or fragmentation of pellets by 
zooplankton feeding or swimming 35,37,38 , physical processes such as 
horizontal advection 1,39 , accumulation at density discontinuities and 
entrainment into the mixed layer during mixing events 16,40 , or tur- 
bulent mixing 16,41 . Net tows contained mainly structurally intact fecal 
pellets and little to no fecal "fluff (crushed or degraded particles that 
are unrecognizable as fecal pellets yet may have been fecal in ori- 
gin 42 ). As mentioned above, the cohesive nature of these fecal pellets 
would render them less susceptible to bacterial decomposition dur- 
ing rapid decent to the benthos, as has been suggested for temperate 
and tropical reef fish fecal pellets by Geesey et al. 1984 43 . Similarly, 
microbial degradation and protozoan activity on large, intact fecal 
pellets of salps had little affect on sinking rates 25 . 

Upwelling conditions were not present during our occupation of 
the study area; thus, resuspension of accumulated fish fecal matter 
above density layers was unlikely. Turbulent mixing also did not play 
a significant role in the resuspension of fecal matter during the pre- 
sent study. To test whether vertical sinking or turbulent diffusion 
dominated the transport of fecal matter in our study, we applied the 
calculations described by Alldredge et al. 16 . We compared the char- 
acteristic time for settling, t s = z/w s , where z is mixed layer depth 
(mean = 18 m) and w s is sinking rate (mean = 787 m d _1 ), to the 
characteristic time for turbulent diffusion, t d = z 2 /2k z , where k z is the 
coefficient of vertical diffusivity 44 . We calculated k z (62 cm 2 s _1 ) 
according to Alldredge et al. 16 , k z = c L lf'lii 2 t m , where constant c 
equals 1.3 when length and time are given in meters and seconds, 
respectively, t m is the time of mixed layer mixing (1 hour or 3600 
seconds, Alldredge et al. 16 ), and U is average wind speed (5.06 ms _1 ). 
When t d /t s values are < 1, the movement of fecal matter is controlled 
by turbulent diffusion. Our t d /t s ratio was > 1 (mean = 114), sug- 
gesting that vertical sinking dominated the transport of fish fecal 
matter. 

Dinoflagellates, diatoms, silicoflagellates, ciliates, and copepods 
were dominant prey items found in fish feces in our study (Fig. 3). 
Algae associated with red-tide formation (dinoflagellates Prorocen- 
trum micans, Ceratium sp.) or toxin production (dinoflagellate Dino- 
physis sp., diatom Pseudo-nitzschia sp.) were frequently encountered. 
While these fish may exert control over potentially harmful algal 
blooms, they may also subsequently act as vectors for toxin transfer 
to higher trophic levels such as mammals and sea birds 45 47 . Addi- 
tionally, fish fecal pellets likely accumulate toxins 46,48 , which may be 
fed upon by other pelagic or benthic organisms. Nonetheless, fish 
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Figure 3 | Dominant prey items found within fish fecal pellets. Panel a: 1-3 are dinoflagellates including 1) Prorocentrum micans, 2) Dinophysis sp., and 
3) Ceratium sp.; 4) silico flagellate. Panel b (diatoms): 1-2 are centric diatoms including 1) Thalassiosira sp. and 2) Chaetoceros sp.; 3-4 are pennate 
diatoms including 3) Pleurosigma sp. and 4} Pseudo-nitzschia sp. Panel c (ciliates): 1) aloricate ciliate and 2) tintinnid ciliate. Panel d (copepods): 1) 
nauplius and 2) adult copepod. Prey items were identified using epifluorescence microscopy. 



likely play an important role in the top-down control of certain 
phytoplankton and zooplankton groups, and act as a link between 
pelagic and benthic realms through the downward flux of repackaged 
particulate matter. 

Northern anchovy contributed a large proportion to total com- 
mercial fish landings in the Santa Barbara Channel during the last 
decade (Table 1); thus, their fecal matter likely contributes a signifi- 
cant component of the vertical flux of organic carbon and nitrogen. 
Our estimates suggest that anchovy pellets produced near the surface 
would reach the benthos (512 m) in < 1 day. Additionally, anchovies 
may transport particulate carbon spatially along the coast as they 
exhibit both vertical and onshore- offshore diel migrations to mimic 
prey movements 49,50 . It is unknown if all bony fish form similar 
cohesive, rapidly sinking fecal pellets or if some fish form loose, 
porous pellets which will break up and degrade easily in the upper 
water column as reported for marine mammals such as whales 51 . 
However, all reports on fish fecal pellets thus far (northern anchovy 
[present study] , seven midwater fish species 7 , the Peruvian anchovy 8 , 
and the blacksmith reef fish 9 ) have demonstrated the formation of 
cohesive, rapidly sinking pellets. Finally, recent studies revealed that 
fish contribute up to 15% of total oceanic carbonate production 
(inorganic C) via the formation and excretion of various forms of 
precipitated (non-skeletal) calcium carbonate from their guts 52,53 . 
Thus, the downward transport of particulate matter produced by 
fish could be a significant, but underappreciated, component of both 
organic and inorganic carbon flux in coastal environments. 

Methods 

Sampling was conducted aboard the R/V Point Sur in the Santa Barbara Channel 
(California, USA) (34°17'N, 119°55'W) from 20 April 2006 to 22 April 2006. 
Abundance, size, plankton prey composition, particulate organic carbon and nitro- 
gen content {POC and PON), and sinking rates of fecal pellets were determined from 



pellets collected from eight net tows over the course of three consecutive days. Tows 
were conducted vertically from the surface to 50 m at a rate of 20 m min -1 using a 
1 m diameter, 500 (ira mesh net equipped with a flow meter and attached to a non- 
filtering cod end. All fecal pellets were counted in each tow. Pellets were gently picked 
into well plates using a wide-bore pipette, and length and width were measured 
immediately under a dissecting scope {Olympus SZX12) using an ocular ruler at 230x 
magnification (n — 90). Volumes were calculated applying the formula for a cylinder 
shape. Subsamples of fecal pellets preserved in 0.22 urn filtered seawater and 37% 
buffered formaldehyde were gently broken apart with forceps and qualitatively 
analyzed for composition using an Olympus 1X71 epifluorescence microscope and 
digital camera (RETIGA EXi) under dark- and light-field illumination. The phyto- 
plankton and zooplankton prey that were most commonly present in fecal pellets 
were identified and photographed. Repeated attempts to enumerate individual prey 
taxa for quantitative estimates of composition were unsuccessful due to the inability 
to completely break apart individual fecal pellets via manual dissection (similar to 
methods described for zooplankton gut contents in Wilson and Steinberg 54 ) or 
centrifugation 8 . 

Fecal pellets were pipetted onto pre-weighed, combusted GF/F filters and frozen 
until POC/PON analysis (a total of 976 fecal pellets; 13 filters each containing between 
14 and 198 pellets). Filters were dried at 55"C, fumigated with 6 N HC1 to remove 
inorganic C prior to analysis 55 , weighed, and analyzed for POC and PON on a CHN 
elemental analyzer (EA1108). 

Sinking rates were determined for 24 individual fecal pellets aboard ship under 
calm sea state using a tall, clear 8 L Nalgene bottle (diameter = 19.5 cm, height — 
30 cm) filled with surface seawater of 14.6 C, 33.56%o salinity. Pellets were released 
just under the water surface and timed while falling a distance of 20.8 cm. The water 
temperature in the bottle did not change over the course of the sinking rate experi- 
ment (as pellets sank rapidly, thus the experiment was completed quickly). The pellets 
used to determine sinking rates were randomly selected and ranged in volume from 
1.2 to 7.9 mm 3 , representing the range of sizes collected in situ. Fecal pellets were 
durable and cohesive, and thus no fragmentation occurred during handling, sampling 
for size and chemical composition, or throughout the duration of the sinking rate 
experiments. 
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